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USING STABLE CARBON ISOTOPES TO TRACK POTENITAL LEAKAGE OF CO2 AT AN ENHANCED 
COAL BED METHANE RECOVERY SITE IN MARSHALL COUNTY, WV 
Bethany Meier 
Enhanced coal bed methane recovery, also known as ECBM, is a carbon capture and storage 
method in which carbon dioxide is injected into depleted gas formations (specifically 
unmineable coal beds) to aid in coal bed methane recovery for industrial uses. Produced 
natural gas, shallow groundwater, and soil vadose gas samples were collected at the CONSOL 
Energy Inc. CO2 Sequestration Pilot Test Site located in Marshall County, WV to test the 
feasibility using carbon isotope signatures to detect potential leakage of CO2 into overlying 
formations. CO2 was injected into the Upper Freeport coal seam at a depth of 396 m below 
valley bottom surface intermittently from September 2009 to December 2013. Water and gas 
samples were collected for isotopic analysis over a 12-month period (August 2013-August 
2014). One set of water and gas samples collected in August 2013 was during an extended 
period of injection. The rest of the samples were collected during times the system was down 
or during the post-injection monitoring period that began in January 2014. The distinct carbon 
isotope signatures of the injected CO2, soil CO2, and coal bed CO2 allows us to use δ13C as a 
natural tracer to detect any potential leakage from the injection coal bed into the overlying coal 
bed, aquifers and shallow soil zone. The range of the carbon isotope values observed in each of 
the overlying systems (i.e. overlying Pittsburgh coal seam, groundwater aquifer and shallow 
soil) indicate carbon originated from natural sources and processes within individual systems.  
There appears to be no influence of the injected CO2 on the δ13C values of the overlying 
systems. The initial results indicate that there was no significant leakage of CO2 from the Upper 
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Carbon dioxide is a greenhouse gas within our atmosphere that absorbs and releases the heat 
from the sun and is responsible for keeping the Earth at a constant temperature (Geonet, 
2008). CO2 is created through natural and anthropogenic processes including respiration, decay 
of organic matter and burning of fossil fuels. Humans are responsible for 32 Gigatonnes (Gt) of 
CO2 released into the atmosphere annually (Atlas, 2013). Scientists have been studying 
different methods of Carbon Capture and Storage (CCS), also known as carbon sequestration to 
reduce anthropogenic CO2 emissions and prevent drastic climate changes. The process of 
carbon sequestration involves taking industrially produced CO2 and injecting into suitable 
subsurface formations for long term storage (Geonet, 2008). Enhanced Coal Bed Methane 
recovery (ECBM) is a CCS process used to store CO2 in unmineable coal seams while 
simultaneously producing methane for industrial use. The North American Carbon Atlas 
Partnership estimated there is 61 to 119 Gt CO2 storage in the United States with a possible 
range of 310-450 megatonnes of CO2 storage in West Virginia (Atlas, 2013). 
CO2 sequestration has been studied and practiced since the early 1970’s. There are many large 
and small-scale projects currently in progress to understand which geologic formations will be 
the most economically beneficial and have the best storage potential. Three options for storage 
include (1) Enhanced Oil Recovery (EOR) of depleted oil and gas fields, (2) Deep saline aquifers, 
and (3) ECBM of unmineable coal seams (Geonet, 2008; White et al., 2005). This project is 
focused on ECBM in an unmineable coal seam. 
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Coal bed methane (CBM) is normally collected through the process of reservoir pressure 
depletion (Gale and Freund, 2001) . ECBM is the process by which a gas is injected into a coal 
seam to increase the recovery of methane (White et al., 2005). During ECBM, CO2 storage 
occurs in three ways. CO2 can become physically trapped in the cleats of the coal, dissolve into 
the water within the coal seam, or adsorb onto the surface of the coal (Mazzotti et al., 2009). 
The primary storage mechanism of CO2 is the adsorption onto the surface of the coal. CO2 will 
preferentially adsorb onto the coal surface and displace the methane that is already there. The 
current scientific assumption is that for every mol of methane desorbed, 2 mol of CO2 can be 
stored (Mazzotti et al., 2009; White et al., 2005). The displaced methane is then collected and 
can be used as an alternative energy source.  
Use of Stable Isotopes in Sequestration Studies 
Stable isotopes have been used in enhanced oil recovery sites to trace the movement and 
trapping of injected CO2 within oil field brines. At the Canadian Weyburn and Pembina oil fields 
in Saskatchewan and Alberta respectively, scientists have successfully used carbon isotopes to 
quantify the ionic trapping of CO2 (as bicarbonate) in the waters of carbonate and sandstone oil 
reservoirs (Emberley et al., 2004; Emberley et al., 2005; Johnson et al., 2011; Johnson et al., 
2009; Raistrick et al., 2006) . More recently, geochemical and isotopic studies of artificial 
leakage of CO2 into shallow aquifers have been done at the ZERT research site in Bozeman, 
Montana and a site near Wittstock, Germany (Kharaka et al., 2010; Schulz et al., 2012). A study 
of CO2 injection into the Frio formation has also successfully used carbon isotopes to trace the 
movement of injected CO2 within deep saline aquifers (Kharaka et al., 2006). All of these studies 
have shown that stable carbon isotopes can be used as natural tracers to track CO2 as long as 
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there is a significant difference in isotope values between the injected CO2 and the baseline 
values of the systems. We were interested in testing the use of stable carbon isotopes to track 
the injected CO2 plume and detect potential leakage into overlying geological formations, 
shallow aquifers and vadose soil at an enhanced coal bed methane recovery site in West 
Virginia.  
Stable carbon isotope ratios can be used to distinguish natural sources of carbon within the 
vegetation, soil vadose zone, groundwater, and coal bed systems. Carbon isotope ratios are 
reported in permil (‰) relative to an international standard V-PDB (PeeDee Belemenite). 
Natural reactions, such as the dissolution of CO2 and photosynthesis, affect the amount of 13C 
and 12C isotopes in a system. These reactions result in different ratios of the carbon isotopes 
through fractionation and mixing processes. The different rates of fractionation and mixing 
result in distinct ranges of isotope ratios which can be used to understand what are the natural 
sources of carbon and the reactions occurring within the system. For example, the two major 
pathways of photosynthesis, C3 and C4 discriminate carbon isotopes differently and result in 
different isotope values. C3 plants preferentially use the lighter 12C, which result in δ13C values 
ranging from -34‰ to -22‰. C4 plants are less likely to discriminate between 12C and 13C and 
therefore result in δ13C values ranging from -16‰ to -10‰ (Vogel, 1993). 
Carbon Isotopic Composition of Plants and Soil CO2 
Carbon isotopes have previously been used to track leakage of CO2 from sequestration sites to 
the soil vadose zone in two artificial shallow CO2 injection projects, the ZERT site and the 
Wittstock site in Montana and Germany respectively (Fessenden et al., 2010; Kharaka et al., 
2010; Peter et al., 2012; Schulz et al., 2012). Both projects have shown that changes in δ13CCO2 
4 
 
values of the soil vadose gas and near surface atmospheric CO2 can be used as a detector of 
leakage at a carbon sequestration site (Fessenden et al., 2010; Schulz et al., 2012). 
The main source of CO2 in the soil is the type of vegetation growing on the sampling site, C3, C4 
or CAM, each of which has different photosynthesis pathways. These plants fix atmospheric CO2 
which has a δ13C value of approximately -8‰ (Keeling et al., 1979; Mook et al., 1983). The 
processes of diffusion and carboxylation during photosynthesis preferentially use lighter 12C. 
Hence, the plant organic matter tends to have depleted δ13C values. In a temperate climate 
region, such as West Virginia, most of the vegetation is comprised of C3 plants. The natural 
carbon isotope range of C3 plants is from -34‰ to -22‰ VPDB (Vogel, 1993). Changes in 
seasonal light, temperature, water stress, salinity and air pollution can result in variations in 
plant δ13C signatures (Farquhar et al., 1989; Farquhar et al., 1982) . Figure 8 is a diagram 
depicting the different processes that affect the δ13C values and the resulting ranges of δ13C of 
plants, soil CO2, and groundwater. 
Soil CO2 is a product of root respiration and decomposition of organic matter. The 
decomposition of plant matter minimally fractionates the carbon isotopes. Soil CO2 that is 
found at depth has δ13C values similar to the δ13C of the vegetation.  However, once CO2 is 
released into the soil through respiration the 12C is preferentially diffuses out of the soil into the 
atmosphere (Amundson et al., 1998; Cerling et al., 1991). This causes the soil CO2 to be 
approximately 4-5‰ more enriched than the δ13C of the plant organic matter from which it is 
derived (Boutton, 1991) . If C3 vegetation having an average δ13C value of -27‰, degrades, 
produces CO2, and lighter CO2 diffuses out, the soil CO2 will have a δ13CCO2 value of -22‰. If 
rates of diffusion into the atmosphere are slower the δ13CCO2 of soil will be -27‰. 
5 
 
Carbon Isotopic Composition of Groundwater DIC (Dissolved Inorganic Carbon) 
All the groundwater collected in this study was analyzed for δ13CDIC. The dissolved inorganic 
carbon (DIC) within groundwater is created by the dissolution of CO2 gas into the groundwater 
through the following series of reactions.  
(1) CO2 (g)  CO2 (aq)      CO2 diffusion into water 
(2) CO2 (aq) + H2O  H2CO3  Hydration of CO2 
(3) H2CO3  H+ + HCO3-  Disassociation of H2CO3 
(4) HCO3-  H+ + CO32-  2nd disassociation of H2CO3 
The highest prevailing carbon species is dependent on the pH of the system. In most natural 
systems (pH of 6.5-8.5), the dominant carbon species is bicarbonate, HCO3- (Drever, 1988) and 
reported natural  δ13CDIC values of groundwater are normally within the range of -11‰ to -16‰ 
V-PDB (Mook and de Vries, 2001). 
Each step of the dissolution of CO2 has a specific fractionation (enrichment) factor. As the CO2 
moves from one phase to another, the isotope value changes depending on the specific 
fractionation factor associated with the phase change. It should be noted the fractionation 
factor of the above reactions is dependent on the temperature of the system. The diffusion of 
CO2 has a small fractionation factor and has a small effect (<1‰) on the δ13C of dissolved CO2. 
The largest fractionation (ε= 9.0‰ at 15oC) will occur during equations 2 & 3, the hydration of 
CO2 and creation of HCO3- (Mook et al., 1974). In a system starting with δ13CCO2 = -23‰, the 
δ13CDIC of the groundwater should be approximately -15‰. Other factors that may affect the 
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δ13CDIC value include possible influxes from different recharge sources or limestone and 
dolomite dissolution.  
Carbon Isotopic Composition of Produced Natural Gas, Methane & CO2 
For this project two different coal seams were monitored, the Upper Freeport and the overlying 
Pittsburgh, at depths of 396 m and 213 m respectively. The isotopic composition of coal bed 
produced natural gas primarily depends on the origin of the gas and subsequent secondary 
processes such as substrate depletion, mixing and microbial oxidation (Whiticar et al., 1986). 
Natural gas produced from coal seams is composed primarily of methane and CO2 with small 
percentages of other gases and higher hydrocarbons such as N2, O2, ethane, etc (Clayton, 1998). 
There are three categories of methane found in nature: thermogenic, biogenic (or bacterial) 
and abiotic. These types of methane can be distinguished from each other by using both 
hydrogen and carbon isotope numbers. Thermogenic methane (δ13CCH4: -50 to -20‰; δDCH4: -
180 to -130‰) is created by the thermal alteration of organic matter or thermal cracking of 
higher hydrocarbons and is generally found in higher rank coals at depths of greater than 1 km 
(Clayton, 1998; Rice, 1993; Schoell, 1980; Whiticar, 1999). Biogenic methane is created through 
two methanogenic processes: acetate fermentation (δ13CCH4: -65 to -50‰; δDCH4: -400 to -
250‰) and CO2 reduction (δ13CCH4:-110 to -60‰; δDCH4: -250 to -170‰) and is associated with 
coals less than 1 km in depth with little to no associated C2+ hydrocarbons (Whiticar, 1999; 
Whiticar et al., 1986).  
Biogenic methane creation through CO2 reduction can also be associated with enriched δ13CCO2 
values as a result of substrate depletion. Substrate depletion occurs when microbes use the 
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lighter 12CCO2 during bacterial methanogenesis, the 13CCO2 accumulates in the gas substrate. If all 
of the lighter 12CCO2 is used by the microbes in this reaction, then they will start using the 
enriched 13CCO2 causing a shift towards more enriched δ13CCH4 values of methane as well.  
Understanding the origin and processes that affect the δ13C values of vegetation, soil, 
groundwater and produced gases allows us to use carbon isotope ratios to distinguish between 
the natural CO2 sources and the injected CO2 as a source of carbon. It is possible to detect 
leakage from a sequestration system if the injected CO2 and the overlying formations being 
monitored are significantly different from one another.  
1.1 Site Description & Project History 
The CONSOL Energy Carbon Sequestration Pilot Test site is located near Georgetown, WV on 
the eastern edge of the northern panhandle in Marshall County bordering Greene County, PA 
(Figure 1). Baseline geochemical monitoring by Dr. Rauch and his graduate student Brad Hega 
began in 2008. Injection began in 2009 and continued with some disruptions until 2013. 
Isotopic sampling began in 2012 and post injection monitoring has been approved until 2015 
(Winschel et al., 2010). As of January 2014, approximately 5000 tons of CO2 had been injected 
into the Upper Freeport coal seam. 
The site is approximately 200 acres in size and is bounded on all sides by underground 
horizontal methane production lines (Hega et al., 2011; Locke et al., 2011; Rauch et al., 2012; 
Winschel et al., 2010). There are five (5) CBM production wells, three (3) groundwater wells, 
and seven (7) soil vadose gas sampling wells that were sampled for this project.  
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The production wells for this site were set up in a modified five spot pattern. There were three 
different locations of production wells drilled for this project on this site. MH-3 & MH-5 are at 
the northern most drill location. MH-11 & MH-12 are located at the southernmost drill location. 
MH-18 & MH-20 were originally production wells that were modified into injection wells and 
are located at the center of the site. The horizontals laterals of the MH-18 well extend towards 
the north and west directions. The horizontal laterals of MH-20 extend towards the south and 
east direction. The northern production wells, MH-5 & MH-3, produce gas from the Upper 
Freeport and the Pittsburgh coal seams respectively. At the southern edge of the site area there 
are three production wells. MH-11 & MH-12 are at one location and MC5-PG is located at a 
separate location nearby. MH-12 and MC5-PG both produce from the Pittsburgh coal seam, 
while MH-11 produces from the Upper Freeport  coal seam (Rauch et al., 2012; Winschel et al., 
2010). 
The groundwater and soil vadose locations are all located along the access road that runs 
through the middle of the test site. The groundwater wells, W-1, W-2, and W-3, are shown on 
Figure 1 as blue circles. As shown in the cross section (Figure 3), the groundwater samples are 
collected from the Washington formation within the Dunkard group located at a depth of 
approximately 30m below the surface. The sampled soil vadose gas wells are located along the 
access road to the injection wells and MH-11 and MH-12. Soil gas wells W-1A, W-2A, W-2D and 
W-3A are located close to their counterpart groundwater wells. W-5 is the southern most of the 
soil vadose sampling wells. W-4 and W-7 are the furthest along the access road, west of the 
injection wells. All of the soil sampling wells collect gas from approximately 1-2 m below the 
surface (Winschel et al., 2010). 
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The geology in the area of the Marshall County test site is a relatively simple sedimentary 
sequence with clastic sedimentary rocks, limestones and coals (Ruppert and Rice, 2001). A 
general geologic strip log of the site can be found in Figure 1. This project focuses on two coal 
seams, the younger Pittsburgh coal seam and the older Upper Freeport coal seam. CO2 was 
injected into the Upper Freeport coal seam. The Pittsburgh coal is the oldest formation within 
the Pennsylvanian age Monongahela group. At the Marshall county site it is at a depth of 
approximately 213 m below the valley bottom surface (Ruppert et al., 2002; Winschel et al., 
2010). The Upper Freeport coal is the youngest formation within the Pennsylvanian age 
Allegheny group. The coal seam depth is reported to be approximately 396 m below the valley 
bottom surface at the test site (Locke et al., 2011; Ruppert and Rice, 2001; Winschel et al., 
2010). 
The dip of the rocks in the region is ~2-30 to the S/E. The Washington Anticline is to the 
northwest of the site area and there are no major faults running through the injection study 
area. (Wilson et al., 2009). 
1.2 Format of Thesis 
Chapter 1 of this paper contains the background information and literature review done in 
preparation of this study and manuscript. Chapter 2 is a manuscript of this thesis for potential 




2.0 Using Stable Isotopes to Track Potential Leakage of CO2 at an Enhanced Coal 
Bed Methane Recovery Site in Marshall County, WV 
 
Abstract  
Produced natural gas, shallow groundwater, and soil vadose gas samples were collected at the 
CONSOL Energy Inc. CO2 Sequestration Pilot Test Site in Marshall County, WV to test the 
feasibility of using carbon isotope signatures to detect potential leakage of CO2. CO2 was 
injected into the Upper Freeport coal seam at a depth of ~396 m intermittently from 
September 2009 to December 2013. Water and gas samples were collected over a 12 month 
period (August 2013-August 2014). The injected CO2 had a δ13C value ranging from -12.0‰ to -
11.0‰ V-PDB. The average δ13CCO2 values of the soil vadose gas , the groundwater wells, and 
the CO2 in the gas produced from the overlying Pittsburgh coal seam were -25.0‰, -16.6‰ and 
+22.8‰ V-PDB respectively. These distinct carbon isotope signatures allow us to use δ13C as a 
natural tracer to detect any potential leakage from the injection coal bed into the overlying coal 
bed, aquifers and shallow soil zone. The range of the carbon isotope values observed in each of 
the overlying systems indicate carbon originated from natural sources and processes within 
individual systems and that there was no significant leakage of CO2 from the Upper Freeport 
coal to the overlying formations.  
2.1 Introduction 
Carbon Capture and Storage (CCS) has been a rapidly developing field of research in which new 
MVA (monitoring, verifying and accounting) techniques are being developed to quantify the 
amount of CO2 stored within a geologic formation, as well as to monitor for potential leakage to 
the surface. Humans are responsible for releasing approximately 32 Gigatonnes of CO2 into the 
atmosphere annually through processes such as the burning of fossil fuels (Atlas, 2013). 
Potential reservoirs for the storage of this excess CO2 through CCS include both conventional 
and unconventional reservoirs such as depleted oil and gas fields, deep saline aquifers and 
unmineable coal seams (White et al., 2005). This study is focused on an Enhanced Coal Bed 
Methane recovery site, in which CO2 is injected into unmineable coal seams and adsorbs onto 
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the surface of the coal while displacing coal bed methane and simultaneously increasing the 
production of methane for industrial use (Mazzotti et al., 2009). 
Extensive research at active CCS sites such as the Weyburn Oil Field in Saskatchewan, Canada 
has shown that monitoring geochemical parameters such as pH, alkalinity, major cations, and 
major anions and δ13CDIC of produced fluids at active injection sites allows for the tracking of a 
CO2 plume within a system and can indicate storage through processes such as the dissolution 
of the injected CO2 and subsequent ionic trapping of HCO3- (Emberley et al., 2004; Emberley et 
al., 2005; Raistrick et al., 2006). 
More recently, researchers have investigated the potential of using geochemical and isotopic 
data to monitor CO2 plumes and detect any leakage from the CCS reservoirs. Leakage from the 
CCS systems can occur through various natural and anthropogenically created pathways 
including, but not limited to, faults and cracked well casings or boreholes. Laboratory 
experiments, natural analogs, and artificial shallow leakage systems have been studied to 
understand the effects the leakage of CO2 can have on systems such as shallow groundwater or 
soil vadose zones and to develop new monitoring techniques (Fessenden et al., 2010; Kharaka 
et al., 2010; Schulz et al., 2012).  These artificial leakage sites have shown that after CO2 is 
injected into a shallow groundwater aquifer there is a subsequent decrease in pH and increase 
in alkalinity and electrical conductivity (Schulz et al., 2012). 
Carbon isotope ratios have been successfully used in multiple MVA experiments for tracing the 
movement and ionic trapping of injected CO2 (as bicarbonate) in the waters of carbonate and 
sandstone reservoirs at the Pembina and Weyburn oil fields, tracing the movement of injected 
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CO2 within a deep saline aquifer (Frio Formation), and have been used to trace leakage from 
artificial injection sites into overlying groundwater and the shallow soil vadose zone in Montana 
and Germany (Clark and Fritz, 1997; Emberley et al., 2004; Emberley et al., 2005; Fessenden et 
al., 2010; Johnson et al., 2011; Johnson et al., 2009; Kharaka et al., 2006; Kharaka et al., 2010; 
Peter et al., 2012; Raistrick et al., 2006; Schulz et al., 2012). 
The purpose of this study was to test the applicability of using carbon stable isotopes to 
monitor for potential leakage at the CONSOL Pilot carbon sequestration test site in Marshall 
County, West Virginia. Samples of the isotopic end-members (the injected CO2, the overlying 
Pittsburgh coal seam, shallow groundwater and soil vadose gas) were collected at the site 
during and after CO2 injection. The isotopic variations observed in the different end-members 
were analyzed and interpreted keeping in perspective the fractionation processes that cause 
the natural variations in these systems. Monitoring for abnormal isotopic shifts in the δ13C of 
the samples could indicate significant leakage from the coal bed in which CO2 was injected. 
Study Area 
The CONSOL Energy Carbon Sequestration Pilot Test Site is located near Georgetown, WV on 
the eastern edge of the northern WV panhandle in Marshall County bordering Greene County, 
PA (Figure 1). The study site was set up to determine if there is leakage of CO2 to the surface 
during the injection period in an ECBM recovery system. Baseline geochemical monitoring 
began in 2008. Injection began in 2009 and continued with some disruptions until 2013. 
Periodic isotopic sampling began in 2012. Sampling for this study began in August of 2013 
during an extended period of ongoing injection and continued through August 2014 (Figure 2). 
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In September of 2013, a high CO2 % was recorded at a downstream Upper Freeport well and 
injection was discontinued for an investigation of the cause of the high CO2 %. Injection 
resumed in October 2013 until early November 2013 due to a pump failure. The injection 
system was offline until the end of December 2013. In January 2014, the scheduled post-
injection monitoring period began and will continue through December of 2015 (Winschel et 
al., 2010). 
The site is approximately 1 km2 in size and is bounded on all sides by underground horizontal 
methane production lines. There were five (5) CBM production wells, three (3) groundwater 
wells, and seven (7) soil vadose gas sampling locations for carbon isotopes during this study 
(Hega et al., 2011; Locke et al., 2011; Rauch et al., 2012; Winschel et al., 2010). 
The production wells for this site were set up in a modified five spot pattern. There were three 
different locations of production wells drilled for this project on this site. MH-3 & MH-5 are at 
the northern most drill location. MH-11 & MH-12 are located at the southernmost drill location 
(Figure 1). MH-18 & MH-20 were originally production wells that were modified into injection 
wells and are located at the center of the site. The horizontals laterals of the MH-18 well extend 
towards the north and west directions. The horizontal laterals of MH-20 extend towards south 
and east direction (Rauch et al., 2012; Winschel et al., 2010).  The northern production wells, 
MH-5 & MH-3, produce gas from the Upper Freeport and the Pittsburgh coal seams 
respectively. 
 At the southern edge of the site area there are three production wells. MH-11 & MH-12 are 
located together with MC5-PG nearby. MH-12 and MC5-PG both produce from the Pittsburgh 
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coal seam, while MH-11 produces from the Upper Freeport. The groundwater and soil vadose 
gas sampling locations are all located along the access road that runs through the middle of the 
test site. The groundwater wells, W-1, W-2, and W-3, are shown on Figure 1 as blue circles. As 
shown in the cross section (Figure 3), the groundwater samples are collected from the 
Washington formation within the Dunkard group located at a depth of approximately 30 m 
below the surface. The soil vadose wells W-1A, W-2A, W-2D and W-3A are located close to their 
counterpart groundwater wells; W-5 is the southern most of the soil vadose sampling wells; 
and W-4 and W-7 are the furthest along the access road, west of the injection wells. All of the 
soil sampling wells collect gas from approximately 1-2 m below the surface (Winschel et al., 
2010). 
The geology in the area of the Marshall County test site is a relatively simple sedimentary 
sequence with clastic sedimentary rocks, limestones and coals (Figure 1). This project focuses 
on two coal seams, the younger Pittsburgh coal seam and the older Upper Freeport coal seam. 
The Pittsburgh coal is the oldest formation within the Pennsylvanian age Monongahela group. 
At the Marshall county site it is at a depth of approximately 213 m below the valley bottom 
land surface. The Upper Freeport coal is the youngest formation within the Pennsylvanian age 
Allegheny group. This coal seam depth is reported to be approximately 396 m below the valley 
bottom land surface at the test site. CO2 was injected into the Upper Freeport coal seam (Locke 
et al., 2011; Ruppert and Rice, 2001; Ruppert et al., 2002; Winschel et al., 2010).  
The dip of the rocks in the region is ~2-30 to the S/E. The Washington Anticline is to the 
northwest of the site area and there are no major faults reported running through the injection 




Sampling for this project took place over a 12-month period from August 2013 to August 2014. 
The three (3) groundwater and seven (7) soil gas samples were collected monthly when 
possible. Produced gas from the Pittsburgh coal seam was collected quarterly. Injected CO2 was 
analyzed three times during the injection period to prove consistency. In May 2014, vegetation 
samples were collected for δ13C analysis. During a sampling trip all of the samples listed above 
were collected on the same day, before noon. One set of samples (soil vadose, groundwater 
and produced gas- Aug 2013) were collected during an extended period of injection. The other 
remaining samples were collected during times when the system was down or during the post 
injection-monitoring phase of the project (Figure 2). Field parameters such as pH and 
temperature and other geochemical parameters such as cations and anions were collected by 
Dr. Rauch’s research group at WVU.  
During the fieldwork in May 2014 samples of plant matter, leaves, and grasses were collected 
within a 5-foot radius around the soil vadose wells. There were a total of 7 vegetation samples: 
W1A, W2A, W2D, W3A, W4, W5, and W7, all named to the corresponding nearby soil vadose 
wells.  
Soil vadose gas samples were collected from a vadose well casing port on an in-situ device 
constructed of PVC pipe that was connected to a piece of rubber tubing that reached a 
screened interval from approximately 1-1.5 m. Gas bench sampling vials (15 mL) filled with He 
were attached to a needle on a sampling port via a rubber septa and allowed to equilibrate for 
30 minutes with diffused soil vadose gas.  
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Groundwater samples for δ13CDIC were collected through an in-situ pumping system created by 
Dr. Rauch’s research group at WVU. The samples were collected after two casing volumes of 
water were expelled when possible. The samples were filtered through a Cameo 45 (micron) 
pre-filter into a 10 mL Wheaton serum vial with no headspace. Prior to the injection of the 
water sample, 1-2 drops of benzalkonium chloride were added to the Wheaton vial to prevent 
any metabolic activity.  
δ13CCO2 and δ13CDIC samples and duplicates were analyzed on a Finnigan Delta Advantage 
continuous flow isotope ratio mass spectrometer (CF-IRMS) with a ThermoQuest Finnigan 
GasBench II device. The produced gas and injected CO2 samples were sent to Isotech 
Laboratories for isotope and gas composition analysis. The δ13CCO2 analysis completed on the 
produced gas and injected CO2 at Isotech Laboratories, Inc was done on a Finnigan Delta Plus XL 
Isotope Ratio Mass Spectrometer. Gas composition was measured using a Shimadzu 2010 GC 
system and the concentrations of gas were calculated by use of Henry’s Law. Duplicate samples 
of δ13CCO2 and gas composition analysis were run on a Thermo Scientific GC-Isolink coupled to a 
Finnigan Delta Advantage Isotope Ratio Mass Spectrometer through a Low Flow outlet of the 
Conflo IV device and Allegiant MicroGC systems respectively at the WVUSIL.   
The vegetation analyzed for δ13C was transported back to the WVUSIL and placed in an oven at 
30oC until dried out. The samples were then ground and homogenized with a mortar and 
pestle. A 1 mg sample was placed in a tin capsule and sealed. A Costech ECS 4010 Elemental 
Analyzer connected to a Delta V Advantage IRMS through a Conflo IV device was used to 




Results of all the isotopic analyses of the vegetation, shallow soils, vadose gas, shallow 
groundwater, injected CO2, and produced gas are in Table 1. Stable isotope ratios for δ13CCO2 
and δ13CDIC are reported in per mil (‰) relative to V-PDB (Pee Dee Belemenite). The CO2 that 
was injected into the Upper Freeport coal bed during this experiment had δ13CCO2 values that 
ranged from -11.0 to -12.1‰ over the sampling period.  
The produced gas from the Pittsburgh coal bed was composed of 89.6-96.4% methane with a 
small percentage of CO2 (1.74-3.83%). The δ13CCH4  values of the Pittsburgh coal seam produced 
gases range from -48.8‰ to -47.5‰ and δDCH4 values range from -195.7‰ to -189.9‰ (Table 
2). The δ13CCO2 of the produced gases were consistently enriched values that range from 
+19.1‰ to +25.4‰ as seen in Figure 5.  
In general, the produced gas from the Upper Freeport Coal seam was composed of 89.6%-
95.9% methane with very low CO2 % (<0.3%). The δ13CCH4 of the Upper Freeport gases range 
from -43.3‰ to -42.3‰ and the δD values range from -176.9‰ to -173.9‰ (Table 2). When 
the CO2 percentage is less than 0.5%, the instrument cannot measure δ13CCO2. However, when 
the analysis has been successful of the CO2 in the produced gas, the δ13CCO2 was -11‰, which is 
comparable with the injected CO2. 
Vegetation samples including a mixture of leaves, grasses and other plants were collected at 
each soil gas well in May of 2014 to understand the δ13C of the source of the soil CO2. The 
vegetation had a δ13C range from -31.2‰ to -25.6‰ V-PDB with a single outlier (W-4) that had 
a δ13C value of -17.0‰ (Table 3). With the exception of W-4, the δ13C values fall within the 
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expected range of C3 plants (-34‰ to -22‰), which are the dominant vegetation in temperate 
climates such as West Virginia (Vogel, 1993). 
The soil vadose δ13CCO2 values ranged from -29.2‰ to -21.0‰ with an average value of 
approximately -25.0‰ over the year of sampling (Table 1). The variations in δ13CCO2 of each of 
the wells over the year of sampling can be seen in Figure 6. The soil vadose samples are well 
within the expected range for a site dominated with C3 vegetation, -34‰ to -20‰ (Boutton, 
1991; Vogel, 1993).  
The δ13CDIC values of the three groundwater wells were consistent over the time of sampling as 
seen in Figure 7. The pH of the ground waters was between 8.06 and 9.29 and the 
temperatures were between 11.0-14.6oC. A summary of the δ13CDIC values can be found in Table 
1. W-1 had an average value of -16.4‰ and had the largest range in values, -18.2‰ to -15.8‰. 
W-2 had the most constant δ13CDIC values with an average δ13CDIC value of -16.6‰ and a range 
from -16.9‰ to -16.3‰. W-3 had an average δ13CDIC value of -16.8‰ and a range from -17.9‰ 
to -16.1‰. Groundwater samples were not collected in January through March of 2014 due to 
the wells being frozen. 
2.4 Discussion 
At the Marshall County site, there are four distinct carbon end-members whose isotopic 
signatures are depicted in Figure 4. The isotopic composition of CO2 injected into the Upper 
Freeport coal seam is distinct from other natural sources of CO2 at the study site.   The injected 
CO2 was transported in from an ethanol plant, which ferments corn to create ethanol. The 
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injected CO2 had a constant and distinct average δ13CCO2 value of -11.4‰. This value is within 
the expected δ13C values of C4 plants (corn) that range from -10‰ to -16‰ (Vogel, 1993).  
Produced Gas 
The two coal seams being monitored at this site are the Upper Freeport and the overlying 
Pittsburgh at depths of 396 m and 213m respectively under the valley bottom surface.  Both the 
Upper Freeport and Pittsburgh are medium ash and medium sulfur coals. The ranking of the 
Upper Freeport changes across the Appalachian basin, from low volatile bituminous in the 
western portion of the basin to high volatile C bituminous in the eastern portion of the basin. 
The Pittsburgh is a high volatile A bituminous ranked coal (Ruppert et al., 2002). 
The molecular and isotopic composition of coal bed produced natural gas primarily depends on 
the origin of the gas. The produced gases from the wells at the Marshall County site were 
predominantly methane (89.6-96.4%) with a small percentage of CO2 (~2-3%). There are three 
different types of methane found in nature: thermogenic methane, biogenic (or bacterial) 
methane and abiotic methane and each of these have unique δ13CCH4 and δDCH4 signatures and 
molecular composition. Thermogenic methane (δ13CCH4: -50 to -20‰; δDCH4: -180 to -130‰) is 
found in higher rank coals at depths greater than 1 km and is normally associated with >4% C2+ 
hydrocarbons (Clayton, 1998; Schoell, 1980; Whiticar, 1999). Biogenic methane is created 
through two methanogenic processes: acetate fermentation (δ13CCH4: -65 to -50‰; δDCH4: -400 
to -250‰) and CO2 reduction (δ13CCH4:-110 to -60‰; δDCH4: -250 to -170‰). Biogenic methane 
is associated with shallower depth coals and small percentages of C2+ hydrocarbons (Whiticar, 
1999; Whiticar et al., 1986). 
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The δ13CCH4 (-43.3 to -42.3‰) and δDCH4 (-176.9 to -173.9‰) isotope values of the Upper 
Freeport coal seam produced gas suggested that the methane is thermogenic in origin. This 
conclusion is supported by the fact that the Upper Freeport is at a depth of 396 m and has a 
higher percentage of C2+ hydrocarbons (~2.7%).  
The Upper Freeport coal seam had extremely low CO2 % values (0.1 to 0.3%) for all samples 
except the September 2013 sample of MH-11 and in August 2014. The low CO2 percentages 
made it impossible to analyze the samples for δ13CCO2. In September of 2013, however, there 
was a high percentage of CO2 recorded at the downstream Upper Freeport well, MH-11 (Figure 
3). When the gas was analyzed, the δ13CCO2 value was -11‰. This allowed us to conclude that 
the plume of injected CO2 had reached MH-11. Another produced gas sample collected at the 
end of the monitoring period in August 2014 also showed δ13CCO2 value of -11.6‰ further 
supporting that the plume of injected CO2 had reached the downstream monitoring well of the 
Upper Freeport coal seam in which CO2 was injected.  
The Pittsburgh coal seam CH4 isotope values (δ13CCH4: -43.3 to -42.3‰; δDCH4: -176.9 to -
173.9‰) are indicative of methane that is thermogenic in origin. However, the Pittsburgh coal 
seam is at 213 m depth, the C2+ % values are very small (0.2-0.7%) and a greater percentage of 
CO2 (2-3%) is present in the sample. These parameters indicate a probable biogenic origin of 
the CH4 in the Pittsburgh coal seam (Rice, 1993). The highly enriched δ13CCO2 values (+19.1 to 
25.4‰) of the Pittsburgh coal seam gases are indicative of CO2 reduction by microbes. One 
reason that the Pittsburgh coal seam produced methane could mimic thermogenic methane 
isotope values is due to substrate depletion. During the bacterial methanogenesis reaction the 
lighter 12CCO2 is preferentially used by microbes and the 13CCO2 accumulates in the substrate, 
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enriching the δ13CCO2 value of the gas substrate. If most or all of the lighter 12CCO2 is used by the 
microbes in the CO2 reduction reaction, then the microbes will have to start using the 
heavier/more enriched 13C to create methane. If this happens, then the final δ13CCH4 value of 
the methane will continue to become more enriched causing bacterial origin methane to mirror 
δ13CCH4 values that look like thermogenic methane.  
There is a significant distinction between the enriched δ13CCO2 values of Pittsburgh coal seam 
(+23.1‰) and the depleted value of the injected CO2 (-11.4‰), which can be seen on Figures 5. 
If significant leakage of CO2 were to occur from the Upper Freeport coal seam, the overlying 
Pittsburgh coal seam would be the first of the monitored zones affected, as it is 183 m above 
the Upper Freeport coal seam. The large difference in isotope values between the Pittsburgh 
coal seam and the injected carbon dioxide means that the δ13CCO2 of the Pittsburgh coal seam 
would drastically shift if the sampled CO2 mixed with the injected CO2. If mixing were to occur, 
the following formula of a simple linear two end-member mixing model could be used to 
predict the amount of injected CO2 influencing the δ13CCO2 value: δsample = (δI)(fI) + (δP)(fP) where 
δP and δI are the known δ13CCO2 value of the Pittsburgh coal seam CO2 and the injected CO2 
respectively and the fP and fI are the fraction of Pittsburgh coal seam CO2 and injected CO2 in 
the sample mix .  
The hypothetical two end-member mixing model calculation above was used to show the 
expected change in δ13CCO2 if leakage were to occur at MC-5PG, a Pittsburgh coal seam gas 
producing well. By knowing the natural δ13CCO2 for the Pittsburgh CO2, it is possible to use the 
equation listed above to calculate what percent contribution of the injected CO2 at each well 
that would change the δ13CCO2 value enough to indicate leakage. Based on this mixing model 
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and the δ13CCO2 values of the Pittsburgh produced gas collected, at least a 1.5% contribution of 
the injected CO2 would shift the δ13CCO2 values significantly enough to indicate potential 
leakage.  
The δ13CCO2 values of the produced gas samples, collected from downstream monitoring wells 
in September 2013 and August 2014, clearly indicated the CO2 plume had travelled over the 
entire study site and reached the downstream Upper Freeport coal seam producing well MH-
11. However, the δ13CCO2 values of the produced gas samples collected from the three overlying 
Pittsburgh coal seam wells did not change and remained consistently enriched during the entire 
sampling period indicating there is no evidence of leakage of CO2 from the underlying Upper 
Freeport coal seam into which CO2 was injected (Figure 5).  
Vegetation and Soil CO2   
The primary source of CO2 within a soil system is the type of vegetation present in the system, 
C3, C4 or CAM. In a temperate climate region such as West Virginia, most of the vegetation is 
comprised of C3 plants. Plants fix atmospheric CO2 (δ13C ~ -8‰) and preferentially use lighter 
12C during photosynthesis resulting in δ13C of plant matter having depleted δ13C values ranging 
between -34‰ to -22‰ (Keeling et al., 1979; Mook et al., 1983; Vogel, 1993). The δ13C of the 
plants at the Marshall County site ranged from -31.2‰ to -25.6‰, which is within the reported 
natural carbon isotope range of C3 plants, -34‰ to -22‰ (Vogel, 1993) and values that 
previous studies reported for C3 plants (-30‰ to -22‰), with the exception of a single well, W-
4 (Lowdon and Dyck, 1974).   
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The decay of the source plant matter and root respiration are the two primary sources of soil 
CO2. The decomposition of plant matter and root respiration minimally fractionate the carbon 
isotope values and produce CO2 that have δ13C values similar to those of the vegetation. 12CO2 is 
preferentially diffused out of the soil into the atmosphere (Amundson et al., 1998; Cerling et al., 
1991). This diffusion can cause the soil CO2 to be approximately 4-5‰ more enriched than that 
of the soil organic matter depending on respiration and diffusion rates (Boutton, 1991). The 
isotopic values of soil CO2 at the Marshall County site range from -29.2‰ to -21.0‰ V-PDB. The 
observed variation in values of the δ13CCO2 of soil CO2 are comparable to seasonal isotopic 
variations of -29‰ to -22‰ observed at similar sites in temperate climates with primarily C3 
vegetation (Hesterberg and Siegenthaler, 1991). The isotopic variation is attributed to different 
rates of root respiration in different seasons. For example, a decrease in δ13CCO2  in the early fall 
is hypothesized to be result of increased respiration of lighter 12C compared to enriched δ13CCO2 
values in the late spring .  
A comparison of site specific δ13C values of the vegetation and soil CO2 samples collected in 
May 2014 indicate a varying enrichment factor at each site ranging from 2.2‰ to 7.8‰ with an 
average enrichment of 4.5‰, which is within the range reported by the literature (Boutton, 
1991). The processes that create soil CO2, the calculated enrichment factors that are associated 
with each process, and the resulting δ13C values of each sample from May 2014 are illustrated 
in Figure 8. If the vegetation with average isotope values of -30.2‰ degrades, produces CO2 
and lighter CO2 diffuses out with the average calculated fractionation factor at this site of 
+4.5‰, soil-respired CO2 would have a δ13CCO2 value of -25.7‰, which is within the range 
reported from May 2014 on Figure 6, indicating that primary source of the soil CO2 is from the 
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C3 vegetation of the area.  If the injected CO2 were to leak from the Upper Freeport coal seam 
and infiltrate the shallow soil vadose zone, a shift from the vadose zone’s natural range of -
31.2‰ and -25.6‰ towards the isotope value of injected CO2 of approximately -11.4‰ would 
occur. However, because the observed values of the δ13CCO2 of soil CO2 are comparable to 
previously recorded soil CO2 seasonal variation of other studies with primarily C3 vegetation 
and there is no significant change from the CO2 injection period (August 2013 through 
November 2013) to post-injection period (November 2013 to August 2014), we can conclude 
that there is no indication of significant leakage of CO2 from the Upper Freeport coal seam to 
the shallow soil. 
Groundwater Dissolved Inorganic Carbon (DIC) 
Two primary sources of DIC in groundwater are the dissolution of soil CO2 and limestone or 
dolomite dissolution (Clark and Fritz, 1997). However, since the Dunkard group, which the W-1, 
W-2 & W-3 groundwater wells are sampling from at this site, are primarily composed of 
siliclastic rocks such as sandstones and shales, the primary source of DIC in the sampled 
groundwater is from CO2 soil gas dissolution.  
At this site, the pH of the waters was consistently between 8.06 and 9.29 (Hega, 2013)(Hega, 
unpublished datapersonal communication, 2013). The temperature values of the groundwater 
wells were consistent over the time of sampling and the average temperature of groundwater 
was 12.6oC. There are two primary reactions that fractionate the carbon isotopes as soil CO2 
dissolves in groundwater to create DIC. These two fractionations occur when the CO2 gas 
diffuses into solution and then when CO2 (aq) disassociates into HCO3- (aq).  
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The δ13CDIC value of groundwater can be modeled from the concentrations of CO2 (aq), HCO3- 
and CO32- and equilibrium isotopic enrichment factors if it is assumed that the sole source of 
carbon is from the soil CO2 at the site (average δ13C= -25.0‰) and that a state of equilibrium 
exists in the system. The total DIC in the groundwater can be calculated by knowing the 
temperature, pH and Alkalinity (as mol/L HCO3-) and then using the Van’t Hoff equation (1) and 
the equilibrium equations to calculate the concentration of each of the carbon species: 
(1) logKT2= logKT1 + (ΔHRo /2.303R) (1/T1-1/T2) 
(2) [H2CO3]= ([HCO3-]*[H+])/(K1) 
(3) [CO32-]= (K2*[HCO3-]) / [H+] 
(4) [Total DIC]= [H2CO3] + [HCO3-] + [CO32-] 
where K1 and K2 are calculated equilibrium constants (Drever, 1988) at temperatures T1 and T2 
in Kelvin respectively, and then back calculating the concentrations of each species of carbon. 
When the data from the May 2014 sample collection at well W-2 with a temperature of 12.2oC, 
pH of 8.46, and the average alkalinity of 189 mg/L, the concentration of species of carbon were 
found: mH2CO3 = 2.85E-05 mol/L, mHCO3- = 0.0031 mol/L and mCO32- = 3.29E-05 mol/L. The 
Total DIC concentration was 0.0032 mol/L. This indicates that the dominant carbon species in 
the groundwater of W-2 is HCO3-. 
Once the concentration values of the carbon species have been calculated the following 
equation allows for the calculation of expected δ13CDIC: δ13CDIC (mCO2(aq) + mHCO3- + mCO32-) = 
mCO2(aq) (δ13CCO2(g) + ε 13CCO2(aq)-CO2(g)) + mHCO3- (δ13CCO2(g) + ε13CHCO3-CO2(g)) + mCO32-(δ13CCO2(g) + ε 
13CCO3-CO2(g)) where the concentrations of each species are in mol/L. The isotopic fractionation 
26 
 
factors (ε) used in this calculation were determined by Vogel et al. (1970), Mook et al. (1974),   
and Deines et al. (1974). These isotopic enrichment factors are temperature-dependent 
variables that were calculated from the equation 103lnα = a(106/Tk2) + b(103/Tk) + c where 
temperature (Tk) is in degree Kelvin and a, b, and c are constants. Using this model with a δ13C 
soil CO2 value of -25‰ and the measured groundwater temperature of 12.2oC , the expected 
δ13CDIC for this site would be approximately -15.7‰.  
The measured δ13CDIC values ranged from -18.2‰ to -15.8‰ and are comparable to the 
modeled value (-15.7‰). Since the values are similar, it is reasonable to state that the sole 
source of the DIC in this water is from the soil CO2. If leakage were to occur from the Upper 
Freeport coal seam to the shallow groundwater and the source of DIC changed from the soil 
CO2 to injected CO2 a significant change in the value of δ13CDIC would be expected because of 
the difference in isotope values of the two gas sources, -25.0‰ (soil) and -11.4‰ (injected CO2) 
respectively. As the two sources mix, the δ13CDIC value would become increasingly more 
enriched. If injected CO2 was to leak into shallow groundwater and the same parameters (pH, 
temperature and alkalinity) are used to model the δ13CDIC signature, the δ13CDIC value of the 
groundwater would be -2.0‰.  
The monthly δ13CDIC values for the three groundwater wells are shown in Figure 7. Samples 
could not be collected for 3 months, January-March 2014, as well sampling tubings were frozen. 
The δ13CDIC stayed consistent over the sampling period and shows no evidence of shifting 
towards more enriched values. Therefore, there is no indication of significant leakage from the 
Upper Freeport coal seam and it can be concluded that the source of the DIC in the 




Samples collected from soil vadose gas wells, shallow groundwater wells and overlying 
Pittsburgh coal bed producing gas wells were used to monitor potential CO2 leakage from the 
underlying Upper Freeport coal seam in which CO2 was injected.  Monitoring was carried out 
during the injection and the post injection monitoring period from August 2013 to August 2014. 
The natural variations in δ13C values of natural sources of CO2, i.e. vegetation, soil CO2 and DIC 
were modeled to decouple natural seasonal variations from changes expected due to leakage 
of CO2 from injected formation. The δ13C values of vegetation (-31.2‰ to -26.5‰) collected in 
May 2014 indicate that the vegetation at the site is primarily C3 plants. The measured δ13CCO2 
values of the soil vadose gas are within the expected range of soil CO2 produced from the decay 
of the C3 vegetation and subsequent enrichment due to diffusion of lighter 12CO2.  
The δ13CDIC values were modeled based on average DIC speciation, groundwater temperature, 
and diffusing soil gas as the CO2 source.  The δ13CDIC calculated from the model (-15.7‰) was 
comparable with the average δ13CDIC from the groundwater wells at the test site (-16.5‰) 
indicating that primary source of DIC is the soil vadose CO2 at the site. The overlying Pittsburgh 
coal seam has very enriched δ13CCO2 values (+19.1‰ to +25.4‰) compared to injected CO2 (-
11.4‰) and would change even if 1.5% of injected CO2 was to leak into this coal bed. However, 
the δ13CCO2 values remained consistently enriched throughout the monitoring period indicating 
no  measured CO2 leakage had occurred from underlying Upper Freeport coal bed during this 
monitoring period. 
The δ13CCO2 and δ13CDIC values of the formations overlying the deep injection zone are within 
the expected ranges for natural sources for CO2 at the Marshall County site. The distinct 
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differences between these natural values and the δ13CCO2 value of the CO2 that was injected 
into the Upper Freeport coal seam allowed use of carbon isotope signatures to track potential 
CO2 leakage at the site. The results indicate that during the sampling period there is no 
evidence of significant carbon dioxide leakage from the Upper Freeport to the shallow 
groundwater and soil vadose zones at this carbon sequestration test site. 
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Samples from soil vadose gas wells, shallow groundwater wells, and Pittsburgh coal bed 
producing gas wells were collected from August 2013 to August 2014 during the CO2 gas 
injection period and the post-injection monitoring periods at the ZERT/CONSOL Enhanced Coal 
Bed Methane and Carbon Sequestration site in Marshall County, WV. Sampling was done 
monthly to understand the natural δ13C values and sources of CO2 and DIC at the site. The 
natural variations in δ13C values of natural sources of CO2, i.e. vegetation, soil CO2 and DIC were 
modeled to decouple natural seasonal variations from changes expected due to leakage of CO2 
from the Upper Freeport coal seam over the year of monitoring.  
The Pittsburgh coal seam is the first overlying unit that would be affected by the leakage of the 
injected CO2 from the underlying Upper Freeport coal seam. The overlying Pittsburgh coal seam 
has very enriched δ13CCO2 values (+19.1‰ to +23.1‰) compared to injected CO2 (-11.4‰) and 
would change even if 1.5% of injected CO2 were to leak into the Pittsburgh coal seam. However, 
the δ13CCO2 values remained very consistent throughout the monitoring period indicating no 
detectable leakage had occurred from underlying Upper Freeport coal bed during this 
monitoring period. No isotopic shift was observed in Pittsburgh coal seam gas samples collected 
on 09/05/2013, the day after an increased percentage of CO2 was recorded at the Upper 
Freeport well MH-11 or at the end of sampling period on Aug 2014 when isotopic values clearly 
support that the plume of injected CO2 in the underlying Upper Freeport coal seam had 
travelled half of the study site width to reach the downstream monitoring well MH-11.  
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The δ13C values of vegetation collected in May 2014 indicate that the vegetation at the site is 
primarily C3 plants. The measured δ13CCO2 values of the soil vadose gas are within the expected 
range of soil CO2 produced from the decay of C3 vegetation and diffusion of lighter 12C. This 
indicates the source of the CO2 is the natural vegetation at the site. An isotopic fractionation 
and DIC concentration model for groundwater based on average DIC speciation, groundwater 
temperature and soil gas, was used to calculate δ13CDIC values. The δ13CDIC calculated from the 
model (-15.7‰) was comparable with the average δ13CDIC from the groundwater wells at the 
test site (-16.5‰) indicating that the primary source of DIC is the soil vadose CO2 at the site. 
The δ13CCO2 and δ13CDIC values of the overlying formations at the Marshall County carbon 
sequestration site are within the ranges for natural sources for CO2 and within the limits of 
expected seasonal variation. The distinct differences between these natural values and the 
δ13CCO2 value of the CO2 that was injected into the Upper Freeport coal seam allowed for stable 
carbon isotopes to be excellent natural tracers of CO2 leakage. However, δ13Cvalues of all the 
gas and water samples collected at this site indicate that there is no evidence of significant 
leakage from the Upper Freeport coal bed to the overlying Pittsburgh coal bed, shallow 







Figure 1. Location of the CONSOL Energy Carbon Sequestration Pilot Test Site in Marshall County, WV 




Figure 2. Timeline of the isotope sample collection at the Marshall County Site from August 2013-
2014. The dark horizontal bars were times of active injection. The grey bar indicates the post-injection 
monitoring period. The tall vertical lines are dates of sampling for this study. The red line is 09/2013 







Figure 3. Schematic cross sectional view of the Marshall County, WV site showing relative depths of 
both coal seams, shallow groundwater wells and soil vadose wells. The red wells in the center are CO2 
Injection wells. This cross section is relative to the line A-A’ in Figure 1. 
 
 






Figure 5. Monthly δ13CCO2 values of produced gas during the scheduled period of CO2 injection. The 
dark grey line indicates the δ13CCO2 of the injected CO2.  
 
 
Figure 6. Monthly δ13CCO2 of soil vadose gas during the August 2013 to August 2014 sampling period. 
























































Figure 7. Monthly δ13CDIC values of groundwater during the August 2013 to August 2014 sampling 
period. The red line indicates the δ13CDIC of the groundwater if the injected CO2 became the primary 
source of DIC. Groundwater samples were unable to be collected during January to March 2014 due to 
frozen wells.  
 
 
Figure 8. Schematic of the δ13C values of different carbon sources, fractionation processes, and the 
expected enrichment factors that affect the carbon isotope signatures of different end-members at 





































































































































Table 1. A comparison of average δ13C values of the produced Pittsburgh CO2, shallow 





  δ13CCH4 (‰) δDCH4 (‰) 
Pittsburgh Coal Seam 
MH-3 -47.8 + 0.2 
n=3 
-192.1 + 1.9 
n=3 
MC5-PG 
-48.7 + 0.1 
n=3 
-196.2 + 0.9 
n=3 
MH-12 
-48.0 + 0.1 
n=4 
-195.1 + 0.2 
n=4 
Upper Freeport Coal Seam 
MH-5 -43.1 + 0.1 
n=2 
-176.2 + 1.0 
n=2 
MH-11 -43.1 + 0.6 
n=4 
-175.8 + 1.3 
n=4 
 
Table 2. A summary of the δ13CCH4 and the δDCH4 of the Pittsburgh and Upper Freeport coal 
seam produced natural gas collected during the injection of CO2 
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